Many experimental investigations demand synchronized pulses at various wavelengths, ideally with very short pulse duration and high repetition rate. Here we describe a femtosecond multi-color optical parametric chirped pulse amplifier (OPCPA) with simultaneous outputs from the deep-UV to the mid-IR with optical synchronization. The high repetition rate of 160 kHz is well suited to compensate for low interaction probability or low cross section in strong-field interactions. Our source features high peak powers in the tens to hundreds of MW regime with pulse durations below 110 fs, which is ideal for pump-probe experiments of nonlinear and strong-field physics. We demonstrate its utility by strong-field ionization experiments of xenon in the near-to mid-IR.
fluorescence spectroscopy [7] , require high pulse peak power. Hence, typical systems for such demanding applications are based on Ti:sapphire amplifiers that achieve the different output wavelengths by cascaded down-conversion [8, 9] or white light generation [10] [11] [12] , which requires spectral separation, compression of individual channels, and coherent recombination.
White light seeded sources, particularly electric field synthesizers, have demonstrated their potential for arbitrary waveform synthesis [10, 11] , but their spectral coverage into the deep-UV or mid-IR range is limited. Furthermore, they struggle to provide high-energy, femtosecond pulses at repetition rates beyond the kHz regime. Operation at high repetition rates is, however, a requirement for a high signal-to-noise data acquisition and is especially important for studies on low cross section processes, such as electron recollision and recombination in strong-field physics [13] , among others.
Here, we present a solution which encompasses all optical synchronization and multiple sub-110-fs outputs with wavelengths ranging from 270 to 3100 nm at a repetition rate of 160 kHz. Our source is a combination of a state-of-the-art, mid-IR optical parametric chirped pulse amplifier (OPCPA) [14] [15] [16] with a high-efficiency, cascaded up-conversion chain (setup shown in Fig. 1 ). The system permits the simultaneous generation of coherent output pulses at 3100 nm, 1620 nm, 810 nm, 405 nm, and 270 nm wavelengths with peak powers of 360 MW, 156 MW, 60 MW, 31 MW, and 5 MW, respectively. All outputs from the UV to mid-IR can be focused to peak intensities of 10 12 to 10 14 W∕cm 2 . The root mean square (RMS) power stabilities of all outputs are measured to be below 0.7% over 30 min, corresponding to 288 million shots. Compared to commonly used pump-probe sources [6] [7] [8] , our OPCPA system shows a two order of magnitude higher repetition rate while permitting output peak intensities sufficient for driving strong-field physical processes.
The master oscillator is an erbium-based fiber laser with two outputs at 1030 and 1550 nm at a 100 MHz repetition rate. The two outputs with sub-100 fs pulse duration are frequency mixed to a center wavelength of 3.1 μm in a difference frequency generation (DFG) stage based on a magnesium oxide doped, periodically poled lithium niobate (MgO:PPLN) crystal. The mid-IR output is passively carrier-envelope phase (CEP) stabilized [17, 18] and shows a 1∕e 2 bandwidth of 900 nm, supporting a 27 fs transform limited pulse. The pump laser is a neodymium-doped yttrium vanadate (Nd:YVO4)-based master oscillator power amplifier (MOPA) system, which provides a pulse energy of 1 mJ with 9 ps pulse duration at 160 kHz repetition rate. The pump pulses amplify the seeded mid-IR radiation in four consecutive MgO:PPLN based (noncollinear) optical parametric amplification (OPA) stages to a maximum pulse energy of 40 μJ. After amplification, the pulses are compressed to 55 fs FWHM at a pulse energy of 20 μJ at 160 kHz. Parametric amplification can suffer from parametric generation background which would deteriorate the pulse quality. This occurs when amplification factors beyond 10 5 are chosen for our conditions. When blocking the seed, the overall output of the OPCPA, for signal and idler, showed no measurable contribution above the noise floor of 35 dB. To reduce pulse duration further, we have shown that the five cycle pulse duration can be reduced even further by means of clean and reproducible self compression directly in the mid-IR to 32 fs (three optical cycles) in bulk dielectrics [19] . The performance of the system and its utility was demonstrated for a range of strong-field investigations [20] at focused peak intensities of up to 2 × 10 14 W∕cm 2 . In the following, we describe the derivation of other short pulse outputs and the values of their performance parameters. The near-IR output of the OPCPA system is centered at 1620 nm and is obtained after the fourth mid-IR OPA stage as a byproduct of the three-wave-mixing parametric process. This beam is separated by means of a dichroic filter and subsequently compressed in a folded silica prism compressor down to 96 fs pulse duration. After compression, the energy of the near-IR pulses is 15 μJ, resulting in a peak power of 156 MW.
We pick 8 μJ of the third OPA's signal at 1620 nm and frequency double the chirped pulse in an antireflection (AR)-coated, 2 mm-thick beta-barium borate (BBO) crystal cut at 19.8 deg. With a conversion efficiency of 42%, 3.4 μJ of near-IR energy, centered at 810 nm, is generated. The 810 nm pulse is amplified further in a noncollinear parametric amplifier (NOPA) stage using an AR-coated 5 mm-long BBO crystal cut at 23.5 deg. We use 190 μJ of residual pump at 1064 nm from the third OPA and double it to 114 μJ at 532 nm for pumping the NOPA. In the NOPA, the initial 3.4 μJ at 810 nm are amplified to 15.4 μJ, corresponding to a total conversion efficiency of 16%. The stretched 3 ps long pulses at 810 nm are then compressed with a prism compressor consisting of 1200 l∕mm transmission gratings and AR-coated BK7 prisms (apex angle of 56 deg). We measure a compressed pulse duration of 51 fs at 810 nm with pulse energy of 5.3 μJ.
In order to reach shorter wavelengths in the UV, we rely on frequency up-conversion of the 810 nm output. An AR-coated 0.2 mm-thick BBO crystal cut at 29.2 deg is used for frequency doubling of the 810 nm pulse to reach 1.9 μJ energy at 405 nm (35% conversion efficiency). We use self-diffraction frequencyresolved optical gating (FROG) to characterize the 400 nm pulses and retrieve a pulse duration of 47 fs. Reaching further into the UV is achieved by noncollinear sum-frequency generation (SFG) of the 405 nm and 810 nm pulses in a 0.2 mm-thick BBO crystal cut at 44 deg. We measure 0.5 μJ of deep-UV light centered at 270 nm. The pulse duration at 270 nm is measured with two-photon absorption autocorrelation [21] to 109 fs. After the last SFG stage, 3.1 μJ at 810 nm, 1.5 μJ a 405 nm, and 0.5 μJ at 270 nm are available, resulting in peak powers of 60 MW, 31 MW, and 5 MW, respectively. Figure 2 shows in the inset Fig. 1 . Layout of high power optical parametric synthesizer. DFG: difference frequency generation; (N) OPA: (noncollinear) optical parametric amplification; SHG: second harmonic generation; SFG: sumfrequency generation. Fig. 2 . Measured pulse energies and spectra of all outputs of the optical parametric synthesizer. In the insets the measured beam profiles are shown, respectively, obtained by a Si-CCD camera (for 400 and 800 nm), by a scanning slit beam profiler (for 1600 nm), and by a bolometer camera (for 3100 nm). The beam profile of the output at 270 nm could not be measured due to the absence of a suitable camera.
the beam profiles at the various wavelengths, which are all excellent, indicating good ability to focus to high peak intensity.
An equally important parameter of any system for experiments is the output stability, as this directly influences the signal-to-noise and the possible, or required, measurement time. The power stability is recorded with a pyroelectric detector to cover all wavelength ranges, and the RMS power fluctuations of all multi-color outputs are measured to below 0.7% over 30 min at 160 kHz repetition rate (see Fig. 3 ). Comparing with typical 1 kHz systems, we note that a measurement time of 30 min with our 160 kHz system would be equivalent to 3.3 days measurement time.
Based on the excellent performance of the system, we turned to employing it for a strong-field investigation, which shows the range of different regimes, which are accessible for investigations from one single light source. We investigate the transition from multi-photon to tunneling ionization of xenon driven by the near-to mid-IR outputs with a reaction microscope (REMI) [22] . In our setup, the near-and mid-IR driving beams are focused by an on-axis, parabolic mirror with 50 mm focal length onto a supersonic xenon gas jet inside the REMI. We measure at 810 nm, 1600 nm, and 3100 nm wavelengths to demonstrate how photoionization scales for these wavelengths and at peak intensities of 4.6 × 10 13 , 1.9 × 10 13 , and 2.2 × 10 13 W∕cm 2 , respectively. The UV outputs were not used due to a lack of suitably coated refocusing optic inside the REMI.
In Fig. 4 (left), the extracted momentum maps correlated to single ionized xenon atoms are shown for the different driving wavelengths. The calculated kinetic energy distribution of the momentum maps (E kin ∝ p 2 ⊥ p 2 ∥ ) can be seen in Fig. 4 (right). The momentum distribution of the liberated electrons driven at 810 nm contains a rich structure, while the momentum distributions for 1620 and 3100 nm are rather smooth. This difference is a direct result of the transition of the strong-field ionization regime that is characterized by the Keldysh parameter, γ ∝ 1∕λ [23] . For γ > 1, multi-photon ionization is prominent, which results in the rich structure observed for 810 nm, while for γ ≪ 1, tunnel ionization dominates in the quasi-static regime, which results in the more continuous spectra observed for 1620 and 3100 nm.
In the momentum plot for 810 nm (γ 1.47), the interference pattern for higher momentum can be attributed to intercycle interferences that result in structures known as above threshold ionization (ATI) rings [24, 25] , while the features at [26] . The ATI rings are a consequence of the multi-photon ionization effect, and every ring corresponds to ionization with a different number of photons, confirmed by the inter-ring spacing being equal to the photon energy of the driving laser. In the case of our 810 nm driving laser, the photon energy is 1.53 eV, which is in agreement with the peak spacing in the kinetic energy plot. In contrast, ionization with the 1620 nm (γ 1.14) pulse occurs in a transition region toward the quasistatic regime. Finally, at 3100 nm (γ 0.55), ionization occurs in the quasi-static regime, and due to the nature of the tunneling process, where an electron is ejected with zero kinetic energy, we do not expect to resolve ATI rings-the overall distribution of the electron kinetic energies is therefore continuum-like.
The reported strong-field ionization measurements demonstrate the capability of our source to drive future high peak power pump-probe experiments with intensities up to 10 14 W∕cm 2 . Although the transition of strong-field ionization from the multiphoton to tunneling regime has been studied previously [27, 28] , in this Letter we show the first experimental investigation from the near-IR to the true mid-IR spectral region (λ > 3 μm) driven by a single light source at an unprecedented repetition rate of 160 kHz. The high repetition rate of the source is a key enabling factor to study low cross section processes, such as electron correlation in double or multiple ionization or recollision events, such as laser induced electron diffraction (LIED) [29, 30] and broadband laser-driven electron scattering [31] . These two examples are strong-field imaging techniques of the structure of the nucleus, which allow unprecedented spatial resolutions in the sub-Angstrom regime. The advantage of the described light source is the simultaneous synchronized output at various wavelengths, which now enables time-resolved investigation of electron and nuclear dynamics during photochemical reactions. A short wavelength pulse in the UV would be used to trigger a photochemical reaction, while the longer wavelength pulse would probe the reaction over time [32] .
In conclusion, we demonstrate a new approach for a high peak power, all-coherent multi-color source supporting outputs from the deep-UV to the mid-IR with MW peak power levels. The high repetition rate of 160 kHz, the excellent power stability, and the optical synchronization makes the presented OPCPA system a key enabling tool for future UV-pump and IR-probe experiments, but also enables a variety of high peak power, time-resolved pump-probe experiments in the UV, visible, near-IR, and mid-IR spectral region. The fact that all outputs at 270, 405, 810, 1620, and 3100 nm wavelength can be used simultaneously and obtain pulse durations below 110 fs, allows pump-probe temporal resolutions of below 150 fs, which is sufficient to resolve a large range of ultrafast dynamics. Future improvements to our system include modifications to obtain fully CEP-controlled outputs to enable true electric field waveform synthesis [10] or optimal control over electron recollision [33] . 
